A number of nucleoside analogues are active against the infectivity of human immunodeficiency virus (HIV); however, their use is limited by toxic side effects and by limited phosphorylation in the infected cells. In an attempt to overcome these problems, a drug delivery system has been developed. A prototype of these drugs in a form already phosphorylated (2',3'-dideoxycytidine 5'-triphosphate; ddCTP) was encapsulated into erythrocytes. Subsequently, by the addition of Zn, an arrangement of band 3 in clusters was induced (band 3 is the major transmembrane protein in erythrocytes). The immune system recognizes these clusters as nonself, promoting autologous IgG binding and phagocytosis by cells of the monocyte-macrophage lineage. In this way, ddCTP encapsulated into erythrocytes was delivered to macrophage cells, where concentrations >2 FAM were found. Addition of ddCTP-loaded erythrocytes to macrophages previously infected by HIV-1 results in almost complete inhibition of HIV production over 3 weeks in culture. Administration of ddCTP-loaded erythrocytes to LP-BM5-infected mice at 10-day intervals over a period of 3 months results in reduction of lymphoadenopathy, splenomegaly, and hypergammaglobulinemia. Thus, the delivery of nucleoside analogues in phosphorylated form is feasible, and selective targeting to virus reservoirs (macrophage cells) can be accomplished by the use of autologous erythrocytes.
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A broad family of nucleoside analogues, particularly those with a 2',3'-dideoxyribose moiety, are able to inhibit the infectivity and replication of several human immunodeficiency virus type 1 (HIV-1) strains in vitro (1, 2) . The most popular of these compounds 3'-azido-2',3'-dideoxyribosylthymine (AZT) has been found to reduce morbidity and mortality associated with severe HIV infection. However, its dose-limiting toxicity has prompted the development of other dideoxynucleosides as potential therapeutic agents. 2',3'-Dideoxycytidine was then developed and tested clinically (3, 4) . Again, clinical trials have shown that dideoxycytidine can produce immunological and virologic improvement in AIDS patients, but several individuals developed a dose-limiting toxic effect. The same applies to 2',3'-dideoxyinosine (5, 6) and will probably occur for other analogues. Furthermore, drug benefit may be limited by failure, over months to years, of therapy.
To be pharmacologically useful, dideoxynucleosides must be phosphorylated to 5'-triphosphate by cellular kinases (1, 2, 4) . Different cell types within the same species have different abilities to phosphorylate these compounds (7) , and other drugs can potentiate or reduce the activity of these nucleoside analogues by interfering with their metabolism directly or indirectly (8, 9) .
In an attempt to overcome the problem of nucleoside analogue toxicity as well as the efficiency of their phosphorylation, we have encapsulated dideoxycytidine in the active phosphorylated form in erythrocytes. Subsequently, this encapsulated drug was targeted to cells of the monocytemacrophage (M/M) lineage, which are important hosts for HIV-1 with a key role in the propagation of virus as well as in the pathogenesis of AIDS. The results obtained show that this treatment suppresses in vitro HIV-1 production in infected M/M, while in a mouse model of immunodeficiency it substantially reduces signs of the disease.
MATERIALS AND METHODS
Cells. Mononuclear cells were prepared by Ficoll-Paque sedimentation from leukapheresed healthy HIV-1 antibodynegative donors, washed twice in sterile saline, and cultured in RPMI medium supplemented with 20% (vol/vol) heatinactivated human serum. After 3 days in culture, nonadherent cells were removed and M/M were maintained in RPMI medium supplemented with 10%o (vol/vol) fetal calf serum. These cells were found to be >95% M/M as determined by nonspecific esterase staining and Leu-M3 positivity. Cells were infected with a purified preparation of HIV-1 obtained from and propagated in CEM cells. Exposure to the virus was for 3 h at 7 ng of 300,000 x g sedimenting p24 per 107 cells. Viral doses 10-to 20-fold higher provided the same viral production (3-7 ng of p24 per 106 cells) 3-4 weeks after infection. Treatments of infected M/M with ddCTP-loaded erythrocytes (see below) were performed overnightjust after infection. After treatment, the medium containing erythrocytes was removed, and the M/M cells were washed twice and cultured in fresh RPMI complete medium.
Mice and Virus. LP-BM5 viruses were prepared as cell-free supernatants from SC-1 cells as described in ref. 10 . C57BL/6 mice were infected by an intraperitoneal injection of0.1 ml of the virus stock containing 6.6 x 105 cpm of reverse transcriptase.
ddCTP Encapsulation in Erythrocytes. Human or murine erythrocytes were washed twice in 10 mM Hepes/140 mM NaCl/5 mM glucose, pH 7.4 (buffer A), to remove leukocytes and platelets and were resuspended at 70%o hematocrit in buffer A. These cells were dialyzed for 45 min using a tube with a cut-off of 12-14 kDa against 50 vol of 10 mM NaH2PO4/20 mM glucose/4 mM MgCl2, pH 7.4, containing 3 mM reduced glutathione and 2 mM ATP (buffer B). The tTo whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. osmolarity of buffer B was 58 mosM. After this time, 16 ,umol of ddCTP (lithium salt) was added to each ml of erythrocyte suspension that was further dialyzed against 5-10 vol of 16 mM NaH2PO4 (pH 7.4) containing 4 mM ddCTP for a further 45 min. All these procedures were performed at 40C. Resealing of the erythrocytes was obtained by adding 0.1 vol of 5 mM adenine/100 mM inosine/2 mM ATP/100 mM glucose/ 100 mM sodium pyruvate/4 mM MgCl2/0.194 M NaCl/1.606 M KCl/35 mM NaH2PO4, pH 7.4, per vol of dialyzed erythrocytes and by incubating at 37°C for 20 min. Resealed cells were then washed three times in buffer A and used as they were or processed further to increase their recognition by macrophages.
ddCTP Stability in Human Erythrocytes. The stability of ddCTP was evaluated both in human erythrocyte lysates as well as in intact erythrocytes. Human erythrocyte lysates were prepared by adding 2 vol of 3 mM sodium potassium phosphate buffer (pH 7.4) containing 3 mM mercaptoethanol and 0.5 mM EDTA to each vol of washed and packed erythrocytes. After 30 min at 4°C, the lysates were centrifuged for 1 h at 12,000 x g to remove the cell membranes. The supernatants were then dialyzed overnight against 160 vol of 0.9% (wt/vol) NaCl containing 10 mM Tris HCl (pH 7.5), 10 mM MgCI2, and 0.02 mM EDTA. The dialyzed lysates were then used for studies of ddCTP stability. Briefly, lysates containing 50 ,M, 100 ,uM, 300 ,uM, 1.2 mM, or 1.5 mM ddCTP were incubated at 37°C. At time intervals of 0, 15, 30, and 60 min, 250 IlI of the incubation mixtures was removed and extracted with 125 ,ul of 10% (vol/vol) HCl04. The HCl04 extract was then neutralized, processed, and analyzed by HPLC as described in ref. 11 .
The stability of ddCTP (1 mM) in loaded erythrocytes was evaluated at 37°C by incubation of ddCTP-loaded erythrocytes at 6% hematocrit in 0.9% (wt/vol) NaCl containing 10 mM glucose and 5 mM sodium, potassium phosphate buffer (pH 7.4). In some experiments [3H]ddCTP (4 Ci/mmol; 1 Ci = 37 GBq; Moravek Biochemicals, Brea, CA) was used. In this case, fractions of 0.3 ml were collected at the exit of the wavelength detector of the HPLC system and assayed. Both methods (HPLC detection and liquid scintillation counting) provided similar results.
Targeting of ddCTP-Loaded Erythrocytes to Human M/M. Targeting of erythrocytes to M/M was obtained as follows: first, erythrocytes were subjected to the procedure of ddCTP encapsulation as specified above, and then loaded erythrocyte suspensions (10% hematocrit) in 1 mM ZnCl2 were treated with 1 mM bis(sulfosuccinimidyl)suberate (BS3) for 15 min at room temperature and washed once in buffer A containing 10 mM ethanolamine and once in buffer A containing 1% (wt/vol) bovine serum albumin. These cells were then used immediately or incubated in autologous plasma for 30-60 min at room temperature for determination of bound IgG molecules by evaluating 125I-labeled protein A (125I_ protein A) binding. Briefly, loaded erythrocytes treated with ZnCl2 and BS3 and controls were incubated at room temperature in autologous plasma for 30-60 min at a hematocrit of 40% and then washed twice in 10 mM Hepes buffer (pH 7.4) containing 140 mM NaCl, 5 mM glucose, and 2% (wt/vol) bovine serum albumin (Hepes buffer). Washed erythrocytes (50 IlI) were then resuspended in 100 ,l of Hepes buffer containing 5 x 105 cpm of 125I-protein A (1.1 mCi per mg of protein A) and incubated at room temperature for 30 min. The erythrocytes were then extensively washed in Hepes buffer (four times) and finally assayed in a Beckman 5500 ry-counter.
Recognition of ddCTP-Loaded Erythrocytes by M/M. Adherent M/M cells were incubated with ddCTP-loaded erythrocytes either untreated or treated with ZnCl2 plus BS3, or they were incubated with unloaded erythrocytes overnight at 37°C at 100 erythrocytes per M/M. During the loading procedure, 125I-labeled ubiquitin (2.1 mCi/mg) was also encapsulated as an internal marker to follow phagocytosis (ubiquitin is a polypeptide of 8 kDa that is retained by the erythrocytes).
After M/M erythrocyte incubation, the dishes were extensively washed with RPMI 1640 medium followed by a 0.9% ammonium chloride washing step to remove erythrocytes adherent to M/M but not yet phagocytosed. Finally, M/M were washed in RPMI medium and assayed in a y-counter.
Determination of ddCTP transferred from drug-loaded erythrocytes to M/M was as described above except that 125I-ubiquitin was not encapsulated but [3H]ddCTP was used instead of the unlabeled drug.
Similar experiments were also performed on mouse erythrocytes for in vivo studies. The in vivo half-life of these erythrocytes was evaluated by following the radioactivity of 125I-ubiquitin-loaded erythrocytes coencapsulated with ddCTP in untreated erythrocytes or in erythrocytes treated with ZnCl2 and BS3.
RESULTS
ddCTP Encapsulation and Stability in Erythrocytes. ddCTP was encapsulated into human and murine erythrocytes by a procedure of hypotonic dialysis, isotonic resealing, and reannealing as described. By this procedure, human erythrocytes were routinely loaded with ddCTP to a final concentration of 1-2 mM; however, by addition of increasing amounts of ddCTP added during the dialysis step, the cellular concentrations of ddCTP can be easily varied up to 10 mM. Human erythrocytes subjected to this procedure are slightly microcytic (73 ± 1.5 fl) (normal values, 88 ± 3.5 fl) and contain 27.5 ± 2 g of hemoglobin per 100 ml of cells (normal values, 29.5 ± 2.5 g/100 ml). These cells have normal glycolytic rates (3 ,umol of lactate produced per h per ml of erythrocytes) and normal ATP concentrations (1.2 mM).
Human erythrocyte lysates were found to dephosphorylate ddCTP to ddCDP with a Vmax of 3 ± 0.5 nmol per min per g of Hb and with a Km of 140 uM; then ddCDP is slowly converted to ddCMP (we were unable to determine the kinetic parameters of this reaction because of the low activity of the system), which is further converted to dideoxycytidine with a Vm. of 75 nmol per min per g of Hb and a Km of 6 mM. ddCTP dephosphorylation is completely inhibited by 1 mM ATP, while 2,3-bisphosphoglycerate (the major phosphorylated compound in the erythrocyte) is without effect even at 6 mM. ddCTP dephosphorylation is also very pH dependent, with a maximum dephosphorylation rate at pH 8.4 and a value 50%o of this rate at pH 7.2. ddCTP loaded onto erythrocytes is stable at 370C for at least 3 h and for >12 days at 4°C. Also, in intact erythrocytes inant transmembrane protein that functions as an anion transport system) (12) . In fact, the normal distribution of band 3 is random; however, its clustering can be induced by chemicals such as zinc (13) , the peptide mellitin (13, 14) , and the dye acridine orange (15) that have minimal side effects or by oxidants such as phenylhydrazine (16) or diamide (17) . We used 1 mM ZnCl2 as a mild agent. However, these band 3 clusters are reversible upon removal of the bivalent cation but can be made irreversible by addition of the cross-linker BS3 (18) . Once these clusters are formed, they are viewed by the immune system as nonself and consequently are opsonized by autologous antibodies. The process is schematically shown in Fig. 1 and has been characterized in detail by Turrini et al. (18) . In our experimental system, ddCTP-loaded erythrocytes treated as described above are opsonized by IgG, are actively phagocytosed by M/M, and can deliver ddCTP to M/M. These data are summarized in Table 1 . Similar experiments performed on mouse erythrocytes provided comparable results. The mouse erythrocytes were also evaluated as a drug delivery system in vivo. Their half-life was 3.5 days against values of 10.5 days for the ddCTPloaded erythrocytes not treated with ZnCl2 and BS3. Any leakage from the loaded cells was detected in vivo when [3H]ddCTP or the small 125I-labeled polypeptide ubiquitin was coencapsulated with ddCTP.
In Vitro Inhibition of HIV Production by ddCTP-Loaded Erythrocytes. Infected macrophages play a central role in the pathogenesis of AIDS (19) (20) (21) , acting as reservoirs (19) and propagators ofvirus (21) through the immune system (22) . We have added ddCTP-loaded erythrocytes treated to increase their phagocytosis to cultures of human M/M immediately after HIV-1 infection. The loaded erythrocytes were maintained in culture overnight and then the noningested erythrocytes were removed. As shown in Fig. 2 , ddCTP-loaded erythrocytes dramatically reduce p24 and reverse transcriptase production by HIV-1-infected M/M. Any free drug was detected in the culture medium. Unloaded erythrocytes (i.e., erythrocytes subjected to the procedure of loading but without ddCTP addition) treated to increase their phagocytosis by M/M were found to be able to slightly reduce HIV-1 production in infected M/M. In conditions similar to those reported in Fig. 2 , the peak concentration of soluble p24 was 1.8 ± 0.15 ng per 106 cells (mean ± SD of three experiments). This effect was also found upon phagocytosis of latex particles.
The ability of ddCTP-loaded erythrocytes to inhibit the infection of T cells cocultivated with infected M/M was also evaluated ( Table 2) .
In Vivo Inhibition of LP-BMS Infectivity by ddCTP-Loaded Erythrocytes. C57BL/6 mice inoculated with the mixture of murine leukemia viruses known as LP-BMS develop an immunodeficiency syndrome resembling that in humans infected with HIV-1 (23). This animal model of AIDS has already been used for preclinical studies of antiviral drugs (23) (24) (25) (26) (27) . We have administered ddCTP-loaded erythrocytes treated with ZnCl2 and BS3 to a group of four mice infected with LP-BM5. The first administration of 360 x 106 erythrocytes (13.5 Al) containing 5 jAmol of ddCTP per ml of erythrocytes was performed 24 h after the infection, and similar administrations were repeated at 10-day intervals over a period of 3 months. Two other groups of mice served as controls and were the uninfected and infected but not treated animals. As shown in Fig. 3 , the treatment dramatically reduced splenomegaly and also, as shown quantitatively in Table 3 , lymphoadenopathy after the 3-month period. The amount of serum immunoglobulins is also markedly reduced (Table 4) . These experiments have been repeated twice with a minimum of eight animals in each treatment group. Administration of unloaded erythrocytes to infected mice was without significant effect on all the parameters tested.
DISCUSSION
A broad family of nucleoside analogues, particularly those with a 2',3'-dideoxyribose moiety, are able to inhibit HIV-1 infectivity in vitro (1, 2) . Several of these molecules have been reported to be active against HIV in short-term clinical trials; AZT and dideoxyinosine are the drugs currently being prescribed. All these drugs are DNA-chain terminators; thus, to be incorporated into the growing viral DNA chain (28) they A B C
In our model system, we selected ddCTP as an antiretroviral drug since on a molar basis dideoxycytidine was shown to be one of the most potent dideoxynucleosides tested in susceptible cells in vitro (4) . The results reported in this paper show that ddCTP can be encapsulated into erythrocytes where it is stable at least until ATP does not decrease to <1.0 mM. These ddCTP-loaded cells can be manipulated in a way that opsonization by autologous IgG and phagocytosis occurs. ddCTP remains in an active state once internalized in M/M, and the concentration of drug found in these cells (2.5 A&M) is several times higher than that needed to inhibit the reverse transcriptase. That, indeed, this drug delivery system is able to inhibit HIV-1 production in infected macrophages is also evident from the data reported in Fig. 2 . The importance of administering dideoxycytidine in phosphorylated form with targeting to macrophages is clearly shown by the in vivo data in the murine model of immunodeficiency. In fact, dideoxycytidine in murine cells is poorly phosphorylated (7) and of limited efficacy in in vivo studies of murine acquired immunodeficiency syndrome (26) . In contrast, the administration of ddCTP-loaded erythrocytes dramatically reduces the typical signs of the disease over a period of 3 months. Although applications of this protocol remain to be done, the absence of adverse effects in vitro and in vivo, together with the positive data obtained, provide reasons for optimism that medical uses can be explored.
